Blue Lake, a volcanic crater provides municipal water supply to the city of Mount Gambier, population of 26,000. Current average annual pumping from the lake is 3.6 × 10 6 m 3 . The lake is fed by karstic unconfined Gambier Limestone aquifer. Storm water of the city discharges to the aquifer via about 400 drainage wells and three large sinkholes. Average annual storm water discharge is estimated at approximately 6.6 × 10 6 m 3 through drainage wells and sinkholes within 16.8 km 2 of the central part of the city. Chemical mass balance for calcium was used to estimate groundwater inflow to the lake at 6.3 × 10 6 m 3 , almost equal to the volume of storm water discharge and slightly higher than the previous estimates using environmental isotopes (4.8 -6.0 × 10 6 m 3 ). Considering the lake outflow volume of 2.7 × 10 6 m 3 , the net inflow to the lake equates to the current annual pumping and therefore it is considered that the current pumping rate is at the upper limit. For meeting the short-term future demand, confined aquifer water may be used and in the longerterm, an additional well field is required outside the Blue Lake capture zone, preferably to the north-east of the city. For water supply security, inflow to the lake along with water quality has to be maintained within the city. Current annual private abstraction within the capture zone is about 4.4 × 10 6 m 3 and in order to maintain aquifer water levels, no additional allocation should be allowed.
Introduction
Blue Lake, a picturesque volcanic crater, is the source of drinking water supply to the city of Mount Gambier, a large regional city of South Australia, population about 26,000. Additionally, Blue Lake is an important tourist attraction due to its annual colour change cycle, which is driven by calcite precipitation [1] - [4] . The lake is groundwater-fed through an extensive karst aquifer [5] [6] .
The water balance of this groundwater-fed lake has been altered through urbanisation since settlement in the mid-to-late 1800s [7] . As a result, the average water residence time within the lake declined from 23 ± 2 years to 8 ± 2 years by the late twentieth century [8] . Urbanisation has produced a threefold increase in deposition of calcite in Blue Lake [8] , and it is possible that the annual calcite precipitation cycle provides a mechanism for determining annual inflow to the lake [9] . The average depth of the lake is approximately 72 m and the surface area is 6.1 × 10 5 m 2 . Owing to the steep slopes of the crater, the surface water catchment area is limited to 8.6 × 10 5 m 2 , only slightly greater than the surface area of the lake itself [3] [7] . A water balance analysis of the lake confirms that the main input is groundwater, of which a considerable portion is storm water recharge. Current annual extraction from Blue Lake for drinking water supply is approximately 3.6 × 10 6 m 3 , with a peak annual extraction of 4.2 × 10 6 m 3 during the 1970s (Figure 1 ). Estimation of recharge to Blue Lake is critical to water supply security. Few studies compare hydrological and chemical estimates of seepage to and from lakes. The net contribution of groundwater to lakes is commonly estimated as the difference between measured gains and losses of water from stream flow, precipitation, and evaporation [10] [11] . Another approach to determining the groundwater component of lake water balances is to use chemical mass balance of major ions [12] .
A comprehensive evaluation via the flow net approach is possible, where groundwater seepage is a major component of water and chemical balances [13] [14] . For example, a study of Williams Lake, Minnesota, focused on water and chemical balances from 1980 through 1991 [14] .
To estimate recharge to Blue Lake, Turner [15] used environmental isotopes and concludes that 80% of annual inflow to the lake results in leakage from the confined aquifer. Ramamurthy [9] used environmental isotopes 234 U and 238 U and interpretation of hydrochemical data of the aquifer and lake; in this study, the basic strategy was to compute mass balance calculations of U and Ca in the lake and interpret the results from its recharge regime. Turner et al. [6] re-examined inflow to the lake using environmental isotopes 3 H, 2 H, 18 O and 14 C in lake water and groundwater. Similar to Ramamurthy [9] , Turner et al. [6] assumed that only 10% of inflow to the lake comes from the confined aquifer through upward leakage. Herczeg et al. [8] studied alteration in catchment subsurface water balance through land use changes on the lake; and changes to the water and carbon budget of the lake using sediment isotope records (δ 18 O carb , δ 13 C carb , and δ 13 C org ). We examined the water balance of the lake using mass balance of the calcium. Investigation includes water sampling and analysis for major ion chemistry of the aquifer, analysis of available sediment core samples for major ion chemistry, and recharge estimation of the capture zone immediately up-gradient to the lake.
Study Area
Mount Gambier is the main city in the Lower South East of South Australia (Figure 2) , a region dependent primarily on groundwater for water supply [16] . Since the 1970s, the city has experienced steady growth in population with resultant development activity [17] . Blue Lake is the largest of three lakes formed in a volcanic complex in the Lower South East of South Australia [18] . As is typical of many crater lakes, Blue Lake is steepsloped, has a very small surface catchment, and is relatively deep for its surface area [1] [6] . Blue Lake has a warm monomictic stratification regime (i.e., mixes once a year; Wetzel [19] ), is oligotrophic (i.e., has a low biological productivity), and algal production is probably phosphorus limited [2] . The surrounding region has a temperate climate, with annual mean maximum temperature of 18˚C and mean minimum of 8˚C. Average annual rainfall is 750 mm and pan evaporation is about 1400 mm.
Hydrogeological Setting
The study area is located within the Gambier Basin, a mixed sequence of marine and terrestrial deposits [20] . The main geological units in the Mount Gambier area, in downward order, consist of Holocene volcanic deposits, the Bridgewater Formation (stranded Pleistocene beach dunes), the Gambier Limestone and the Dilwyn Formation [21] . The unconfined aquifer within the Gambier Limestone is a continuous system and an important supplier of groundwater throughout the region. Karstic features are common within the Gambier Limestone. With the exception of local areas where direct disposal of organic wastes occurs, the aquifer is generally well oxygenated and with relatively low salinity (300 -600 mg•L −1 ). Underlying the Gambier Limestone is the Dilwyn Formation, which comprises a series of unconsolidated sands with carbonaceous clay interbeds (Figure 3) . The Dilwyn Formation hosts a confined aquifer with higher salinity than the Gambier Limestone. A major fault underlies the Blue Lake, which is thought to represent a zone of regional structural weakness through which volcanic activity has occurred. Recently, Lawson [22] refined the stratigraphy of the Gambier Limestone surrounding the Blue Lake, defining the subunits within the Gambier Limestone in hydrostratigraphic terms (Figure 3) . The following are general descriptions of the unconfined aquifer hydrostratigraphic unit characteristics as described by Li et al. [23] .
Green Point Member Unit 1 (Unit 1) is a transmissive bryozoal limestone with marl and flint inclusions. Green Point Member Unit 2 (Unit 2) is composed of marls and flints, has the potential to act as a semi-confining unit and is characterised by generally lower transmissivities with associated low hydraulic conductivity. Green Point Member Unit 3 (Unit 3) is described as an open transmissive bryozoal limestone. It contains minor fracturing and may be partly dolomitised. This unit is characterised by higher aquifer transmissivities and associated hydraulic conductivity. Green Point Member Unit 4 (Unit 4) is typically described as a deep marl section within the limestone. It may act as an aquitard with typically associated lower hydraulic conductivity. Camelback Member is a dual porosity unit, characterised by extensive fracturing at the subunit intersection point. This results in extremely high porosities and hydraulic conductivities. The non-fractured sections of the subunit are composed of fine dolomitic rhombs and have transmissivities probably similar to or lower than bryozoal sections of limestone. Greenways Member is typically described as grey basal marl with resultant low transmissivities and hydraulic conductivity (Figure 3 ).
Methods

Field Measurements
Existing groundwater data from the capture zone and the Blue Lake were used in this study. Additional groundwater samples for major ion chemistry analysis were taken from the Blue Lake capture zone, within and outside the city, to supplement existing knowledge and to fill data gaps. Groundwater samples for major ion chemistry analysis were collected using the micro-purge (low-flow) sampling procedure [24] along with grab sampling. Micro sampling is employed to gain representative groundwater samples within the open-hole sections of monitoring and drainage wells. Low-flow purging is considered [24] superior to bailing and high-rate pumping and results in a more representative sample than the typical three-volume, well-purge methodology. The assumption when using grab sampling is that the hydrostratigraphy in the well is in hydraulic equilibrium prior to sampling. To collect the sample by this method, an electronic depth sampler connected to a geophysical logging line is advanced to the target sampling depth and the unit is electronically opened, allowing groundwater to enter the sampler. After a short wait, the sampler is closed again. Salinity profiles of monitoring and drainage wells were obtained using Hydrolabsonde [25] connected to a logging truck cable and lowered down the well from the surface to the well base, recording electrical conductivity (EC) data along the way.
Recharge to the Capture Zone
Gambier Limestone water level contours indicate a potential for ground water flow toward Blue Lake from all points within the lake's ground water capture zone (Figure 2) . Aquifer parameters derived from pumping tests are limited in number and show large variation. The water table fluctuation method for recharge assessment is therefore discounted as a suitable method. Long-term average recharge to the capture zone may be obtained using the conventional chloride mass balance method, but of most interest to this study is recharge in that part of the capture zone, where point recharge through about 400 drainage wells [26] and 3 sinkholes directly recharges the aquifer system in the city. The area selected for this purpose is the inflow area between the primary fracture pathway and secondary fracture pathway (Figure 2 ) of Lawson [22] . Recharge to the inflow zone of Blue Lake is assessed using the generalized chloride mass balance method described in [27] :
where
) is the recharge, P (LT ) is groundwater chloride concentration in the diffuse recharge zone. Note that Q p is expressed as depth of catchment. In the absence of direct measurement, c p+D can be estimated from [28] 
where "d" is distance in kilometers from the ocean in the prevailing wind direction and c s is taken from surface water sampling for chloride analysis. An important input parameter for Equation (1) is Q p , which is taken from Nguyen [29] . For brevity, a brief description of the modelling procedure is provided below. As part of the recharge estimation for Blue Lake in Mount Gambier, Nguyen [29] used the urban storm water model MUSIC [30] for quantifying storm water runoff to drainage wells. In that study, rainfall and runoff processes were modelled for the period 2007-2012 using a daily time-step with daily rainfall and evaporation data. For sub-catchments with drainage wells, average percentage of impervious (51%) and pervious (49%) areas were determined from digital maps of the city using geographic information system tools. A rainfall threshold of 1 mm was used for impervious areas. Uniform soil storage capacity and field capacity values of 120 mm and 80 mm were used for the pervious areas. Initial soil storage capacity was set to 30%. Average annual runoff volume from both pervious and impervious areas were calculated as point recharge to drainage wells and sinkholes. A sensitivity analysis indicates field capacity of the soil had the greatest effect on runoff from the previous area [29] . Storm water derived from the central 16.8 km 2 of the city area (26.5 km 2 ) is discharged to the unconfined aquifer through three sinkholes and about 400 storm water drainage wells. For the average annual rainfall of 750 mm, 6.6 × 10 6 m 3 of runoff volume flows through drainage wells and sinkholes to groundwater. Out of total runoff volume, about 5.4 × 10 6 m 3 is generated from the impervious areas of the catchment.
Inflow to Blue Lake
Ramamurthy [9] argues that when the Blue Lake unconfined aquifer water level is compared to the confined aquifer water level, a positive head difference of about 20 m is observed, creating the possibility of upward leakage through a volcanic conduit, if present. An outcome of this scenario would be resultant elevated chloride values in water chemistry sampled from the lake's base. Conventional through-flow calculation using Darcy's equation or flow net approach [14] is not followed in this study due to the extreme heterogeneity of the Gambier Limestone aquifer. The transmissivity of the aquifer is in the range of 450 -24,000 m 2 ·day −1 and specific yield is 0.1 -0.4 for the Gambier Limestone [31] . As an alternative approach, water and chemical mass balance is used to estimate ground water inflow and outflow for lakes [32] . This is in contrast to the typical water budget approach, which allows only the net ground water flow to be computed. In addition, when using steady-state assumptions, combined with the water budget, the chemical mass balance approach computes long-term estimates of ground water inflow and outflow [32] . The approach used in this study is to compute ground water inflow-outflow using a mass balance calculation of Ca in the lake and to interpret the results with respect to the groundwater flow regime.
Although Na and Cl are conservative elements, large variation in recorded values in the aquifer due to contaminated sites preclude mass balance calculations. In addition to the contribution from contaminated sites, Ramamurthy [9] suggests leaching of Na and Cl ions from basaltic rocks is a likely additional source. As a result, chloride is not used for the chemical mass balance calculation for the lake; this is computed using mass balance of the Ca ion in this study.
Higher Ca 2+ concentrations in the surrounding groundwater were observed than those recorded in the lake. This is due to the reaction of calcite with carbon dioxide derived from oxidation of organic matter in the aquifer. The fundamental basis for this is that carbon dioxide reacts with water to form carbonic acid (H 2 H CO CaCO Ca 2HCO
This reaction is fundamental to understanding the behaviour of CaCO 3 dissolution and precipitation in nature. An increase in CO 2 results in dissolution of CaCO 3 . Removal of CO 2 causes CaCO 3 to precipitate. This degassing of CO 2 in the lake causes CaCO 3 to precipitate, therefore reducing Ca 2+ in the lake water. Another process of removal of CO 2 in lakes is photosynthesis, which consumes CO 2 . Therefore, with knowledge of Ca 2+ in the aquifer, the lake and its removal through pumping and sedimentation, it is possible to calculate inflow to the lake using the water and Ca 2+ budgets. A water budget for the lake can be written as [8] :
where ΔV is average annual change in storage (L ), subscript l is for lake and subscript "gwi" is for groundwater inflow. Equation (6) assumes any change in c due to R and E is negligible.
Results and Discussion
Water Balance
Water samples for analysis were taken from monitoring wells where stratigraphy had been interpreted. Water chemistry data presented in Table 1 are from the capture zone surrounding Blue Lake and include wells located near historically known contaminated sites. Ramamurthy [9] noted that anomalously high concentrations of Na, Cl and Uranium toward the northwest of the lake were likely caused by leaching of basaltic rocks. Average chloride data indicate consistent distribution across unconfined aquifer subunits, with the value in the Camelback Member markedly lower than the recorded concentrations in the Dilwyn Formation confined aquifer. This indicates that there is no significant upward leakage to the Gambier Limestone aquifer from the confined aquifer despite the pressure head difference being positive. Slightly elevated calcium ion in aquifer Unit 4 is an indication of low hydraulic conductivity of the subunit, where water flow is slow, thus increasing the contact time with limestone.
The large variation in EC may be due to non-uniform mixing with sub-aquifer waters through leakage, diffuse recharge and point recharge via drainage wells and sinkholes. An interesting point to note is that the lowest EC is found in the deepest sub-aquifer, the Camelback Member, even though the drainage wells are open-hole construction below the water table and generally extend to this subunit. This confirms that the Camelback Member is the major pathway carrying recharge water from drainage wells to the lake. Chloride data obtained in this study is comparable with the Ramamurthy study [9] , where an average chloride value of 81.3 ± 10.4 (n = 10) is reported. Chloride values obtained from monitoring wells away from contaminated sites (63 ± 26, n = 16) are the same as chloride values obtained in the diffuse recharge zone outside the city boundary (Figure 2) , 62.9 ± 9 (n = 13), indicating that point recharge through drainage wells has not altered the chloride in the point recharge zone. Blue Lake water chemistry data are presented against the stratigraphy of the north wall of the lake (Figure 4 ). An increased calcium value (Figure 4(a) ) at Unit 4 level corresponds to the enhanced Ca ion in the aquifer. Significantly decreased Ca ion in the lake is due to CaCO 3 precipitation as CO 2 degassing takes place and is reflected in the reduced free CO 2 profile in the lake. Other than Ca, 3 
HCO
− and free CO 2 , variations of all other parameters in the lake are insignificant, indicating that the lake is well-mixed.
Even though the chloride values within both the lake and outside groundwater are similar ( Table 1 and Figure 4) , about 82 to 85 mg·L −1 , the chloride value in the Dilwyn confined aquifer is significantly higher at around 160 mg/L (160.5 ± 16 mg·L −1 ). This indicates that upward leakage from the confined aquifer through the volcanicfault is insignificant, and thus an assumption can be made that the lake water is solely derived from the unconfined limestone aquifer.
Groundwater inflow to the lake in this study is based on mass balance Equations (1) and (2) . For the chemical mass balance, Ca 2+ is taken, because no excessive variation in Ca 2+ ion occurs in the aquifer when compared to Na or Cl ions ( Table 1) . The annual rate of recharge to the lake is calculated on the basis of the calcium ion in the aquifer, the lake and the sedimentation rate in the lake. The mass balance calculation for calcium was done on the basis of a single mean value taken from the aquifer, and the lake. This approach envisages that groundwater inflow to the lake is exclusively from the unconfined aquifer. The amount of Ca precipitated in the lake ( Table 2) is calculated for two depositional periods, historical and contemporary. As is evident in Table 2 , the sediment accumulation rate has increased in recent years, indicating higher precipitated calcite as CO 2 is degassed, implying more groundwater enters the lake.
Herczeg et al. [8] report that the volumetric porosity of sediment cores range between 0.8350 and 0.875 throughout most cores, resulting in a volumetric dry bulk density of 0.125 -0.165 g•cm −3 . Porosity increases to 0.910 over the top 25 mm, with a corresponding decrease in bulk density to 0.090 g•cm −3 at the top of the core. With the assumption of dry bulk density of 2.5 g•cm −3 , Herczeg et al. [8] estimate the chronological age of individual sediment layers up to a depth of 130 mm by 210 Pb-derived mass accumulation rate estimates. Accordingly, ) was taken as the historical pumping rate for the calculation. The input parameters and calculated inflow to and outflow from the lake are given in Table 3 . Based on calcium precipitation, contemporary inflow and outflow calculated in this study are higher than the Herczeg et al. [8] estimate but comparable to the results of [9] and [6] . Ramamurthy [9] calculate the lower limit of annual recharge to the lake at the present time as 4 18 O and 14 C in the lake and groundwater to estimate the rate of groundwater through-flow in the lake. The water balance calculations of [6] indicate a total groundwater inflow to Blue Lake of between 5.0 and 6.5 ×10 6 m 3 ·yr −1 , which is in good agreement with the Ramamurthy (1983) estimate. Both [9] and [6] consider that 90% of groundwater inflow to the lake comes from the unconfined aquifer, and ignore the possibility of groundwater outflow from the lake.
Based on isotope mass balance of the sediment (δ 18 O carb ), Herczeg et al. [8] determine the historical inflow to the lake at 2. . Total inflow to the lake calculated using calcite precipitation in the lake is slightly higher than the average total inflow of 6.0 × 10 6 m 3 determined by Ramamurthy [9] and Turner et al. [6] . The net inflow to the lake from calcite precipitation (3.6 × 10 6 m 3 ) corresponds to current annual pumping and is an indication that the pumping rate has reached its upper limit. Recharge to the aquifer is calculated using equation (1) for the inflow area (14 km 2 ), which corresponds to an area between the primary and secondary fracture , which is comparable with present day annual inflow to the lake. An interesting point to note is that contemporary inflow to the lake is satisfied by point recharge through drainage wells.
Slightly higher water levels in aquifer Unit 1 in the southern face (Figure 2 ) also suggest groundwater inflow to the lake as originally reported in [4] . In this study, inflow from subunit 1 is assumed to be minor and is not included in the water balance calculation. In contrast, lower groundwater levels in aquifer subunits 2 and 3 on the southern side suggest these units are the major outflow from the lake [22] . Turner et al. [6] suggest that the groundwater release zone of flow through lakes can be delineated by mapping the distribution of enriched stable isotope compositions of lake water in the surrounding aquifer. Identification of aquifer subunits that carry outflow from the lake was not carried out, as currently there are insufficient data from the southern side of the lake; this is a subject left for future investigation.
Management Strategies for Water Security
Determination of a water balance is an important factor in the management of water supplies. This paper indicates that the current level of extraction is at the upper limit of a sustainable yield and that an additional water source is required to satisfy increases in demand. To satisfy an increase in demand, a planning strategy is required that identifies both potential threats and constraints to the water supply and opportunities for additional supply sources. The current town water supply to the city of Mount Gambier is reliant on Blue Lake, with two wells constructed in the confined aquifer as emergency water supply.
Two factors need to be considered for water supply security of the lake. First, maintaining current pumping levels from the unconfined aquifer, and second, protection of water quality. In the absence of surface water supplies in the area, ground water supplies from the unconfined aquifer are used for irrigation. Currently, a total of 4.4 × 10 6 m 3 is extracted for private irrigation use from the capture zone. While there is no significant extraction that directly intercepts flow paths to Blue Lake, an increase in extraction from the south and southeast would affect the flow regime and hence the lake's water balance. Thus, limiting extraction to current levels is suggested, with no additional allocation permitted within the capture zone.
In a comparison of historical water quality data for Blue Lake and for groundwater in the unconfined Gambier Limestone aquifer with water quality target values, Vanderzalm et al. [34] [35] show no potential for breach of these water quality guideline values. Trace metal and metalloid data illustrate several historical peaks in concentration, but no evidence suggests rising concentrations within Blue Lake, since co-precipitation occurs with the lake's calcite precipitation process [35] .
Based on average population growth in the city 2001-2006 period of 0.8%, a population increase of up to 33,000 could occur by 2030 [17] . With current extraction from the lake already at its upper limit, alternative water sources need to be developed to satisfy increasing demand. For short-term demand increases, the confined aquifer water is the most likely source. The limitations of this option are the need for the wells to be sited to ensure cost effective chlorination and blending, and the ratio of confined to unconfined water that can be achieved while maintaining acceptable hardness and salinity levels.
For long-term planning, an additional unconfined aquifer wellfield is required targeting the Camelback Member subunit. Location of such a wellfield will be the subject of additional investigations. Establishing a wellfield on the southern side of the lake is dependent on the capacity of the water distribution network. A wellfield on the north side beyond the Tartwarp fault complex is preferred, as the city is expanding toward the north. In the northwestern part of the city, the target subunit Camelback Member occurs at a shallow depth [22] , and hence is prone to contamination. Therefore, the northeastern side beyond the capture zone boundary may be a potentially suitable area for investigation for a future wellfield.
Conclusion
A water balance calculation based on calcite precipitation in Blue Lake provides comparable results with previous water balance studies based on environmental isotopes. Current net inflow to the lake equates to the current extraction level, and recharge through drainage wells equates to the total inflow to the lake. This indicates extraction from the lake has reached its upper limit, and recharge via drainage wells forms an important component of the lake's water balance. While short-term demand increase can be satisfied from the confined aquifer,
